I. INTRODUCTION
===============

The mechanisms that underlie the learning and memory, cognitive and social deficits associated with autism spectrum disorders (ASD) and Fragile X syndrome (FXS) are complex and depend to a large extent on glutamate receptors. Glutamate receptors are comprised of ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). Findings from various experimental systems implicate *iGluR dysfunction* in ASDs and FXS. They include human genetic studies, clinical drug trials, human neuro-imaging, and postmortem brain studies, animal models of ASD and FXS, and *in vitro*cell cultures, which will be discussed in the present review. The metabotropic glutamate receptors (mGluRs) are modulators of brain function and synaptic plasticity and have recently been shown to play a significant role in syndromic forms of ASD such as FXS through enhanced protein synthesis-dependent synaptic plasticity and perhaps peripheral mechanisms such as modulation of gastrointestinal functions. Therefore, mGluRs have been explored as therapeutic targets in FXS. However, clinical trials with group I mGluR (mGlu5) antagonists show that these drugs are not effective in all FXS subjects. For example, the Novartis mGlu5 antagonist AFQ056 improves behavioral symptoms in a fraction of FXS subjects (7 from 30) who have methylation of the FMR1 gene promoter and no detectable FMR1 messenger RNA, but not in individuals with partial promoter methylation. In addition to FXS, there are many other forms of ASD which have varied causes and neurobiology. Interestingly, different forms of ASD are associated with either *hypo*- or *hyper*function of the glutamatergic system despite presenting with similar symptoms, providing further evidence for involvement of different mechanisms and receptors. Early studies indicated that direct targeting of NMDA receptors with pharmacologic antagonists was associated with undesired side effects on cognition and neurotoxicity. However, it may be possible to target the functions of iGluRs in synaptic plasticity and ASD by modulating regulating proteins and/or signaling pathways, with less potent or more specific NMDAR antagonists, and with pharmacologic drugs targeting AMPA or kainate receptors. The purpose of this review is to describe key studies that implicate*iGluRs* and their *interacting proteins* and *signaling pathways*in ASD and FXS. Moreover, we will highlight mechanisms that may be important for development of new neuropharmacological treatments.

II. ASD AND FXS: DEFINITION, PREVALENCE, CAUSES. NEUROPHARMACOLOGICAL TREATMENTS
================================================================================

***ASDs*** are neurodevelopmental disorders appearing first in early childhood usually before 3 years of age. Due to the great heterogeneity in the causes and presentation, the umbrella term ASD is accepted in the Diagnostic and Statistic Manual of Mental Disorders- Fifth Edition (DSM5) \[[@R1]\]. ASDs are characterized with impairments in two core symptoms domains: social/communication deficits and occurrence of repetitive behaviors, the symptoms being in a continuum from mild to severe in core and associated symptom domains. Within the social/communication domain there may be problems in social-emotional reciprocity, non-verbal communication behaviors, and developing and maintaining relationships. Within the area of restricted/repetitive behaviors, interests or activities there may be stereotyped, repetitive speech or motor movements, excessive adherence to routines or resistance to change, highly restricted, fixated interests, hypo- or hyper-reactivity to sensory input. There may be varying degree of intellectual disability, accompanying symptoms such as seizures, anxiety, mood swings, aggression, sleep problems, attention problems, hyperactivity, common with other psychiatric disorders, and gastrointestinal complaints \[[@R4]\]. ASD is relatively common occurring in 1 in 88 individuals, with a reported increase in incidence in recent years \[[@R2],[@R3]\]. ASD is about 4 times more common in boys than in girls. It is possible that the increased incidence is due to an ascertainment bias associated with greater awareness and more systematic screening of ASD, and perhaps also with changes in the diagnostic criteria \[[@R4]\].

***FXS*** is a common monogenic cause of autism which has been invaluable in understanding the neurobiology of ASD and development of *"targeted"* drug treatments for the core symptoms \[[@R5]-[@R8]\]. FXS is caused by CGG repeats in the 5' untranslated (UTR) region of the *FMR1*gene which results in varying degree of loss of the Fragile X Mental Retardation Protein (FMRP), an RNA binding protein that regulates the synthesis and trafficking of many brain RNAs involved in synaptic plasticity and learning and memory \[[@R9]\]. Besides FXS, monogenic forms of ASD are tuberous sclerosis complex (TSC) \[[@R10]\], Rett syndrome \[[@R11],[@R12]\], neurofibromatosis (NF1)\[[@R13]\], Shank 2 and 3 deletion syndromes \[[@R14],[@R15]\]. Interestingly, recent study finds that genes causing syndromic forms of ASD such as TSC1/2 and SHANK3 can be implicated also in non-syndromic forms of ASD \[[@R16]\]. Genetic factors are important in the etiology of ASDs with monozygotic twins exhibiting a very high concordance rate \[[@R17]\]. Many neuronal genes are implicated in ASD and it is difficult to specify a shared genetic cause \[[@R18],[@R19]\]. Several excitatory and inhibitory neurotransmitter systems are implicated -- glutamate \[[@R20]-[@R23]\], GABA \[[@R24]\], serotonin \[[@R25]\], norepinephrine \[[@R26],[@R27]\], dopamine \[[@R26],[@R28]\], acetylcholine \[[@R29],[@R30]\], endocannabinoids \[[@R31],[@R32]\] and neuropeptides \[[@R33]-[@R35]\]. A current understanding is that ASD and FXS are neurodevelopmental disorders of the synapse with abnormal synaptic connectivity, and that there is an imbalance in excitatory and inhibitory neurotransmission \[[@R36]\]. The main excitatory neurotransmitter system in the CNS, the glutamatergic system, plays a very important role in neuronal development and cognition. It should be noted that the pathophysiology of ASD is very complex and there are many interacting factors that may contribute to the disease manifestation and progression such as immunological, environmental factors, occurrence of neuronal loss, and glial factors. For example immunological factors may be caused by exposure of the mother to various viruses and environmental factors may be stress and toxins. The precise causal role of these factors, however, is heavily debated. Here, we restrict our review to role of iGluRs in ASD.

The ***treatments*** of ASD and FXS are complex and depend on the presenting symptoms. They are a combination of applied behavioral analysis, medications, occupational therapy, physical therapy and speech-language therapy (PubMed Health Information). Currently there are very few medications approved for treatment of ASD, none of which target the core symptoms. Two of the atypical antipsychotic drugs *risperidone* and *aripiprazole* are approved by the US Food and Drug Administration for treatment of aggression and irritability in children ages 5-16 with autism. These drugs are approved for treatment of schizophrenia which is also a neurodevelopmental disorder and has common features with ASD such as social deficits and neurobiological changes involving NMDA, GABA and dopamine receptors. Other medications used in clinical practice for treatment of patients with ASD are serotonin reuptake inhibitors such as fluoxetine approved for treatment of depression and obsessive-compulsive disorder (OCD) in children 7 years and older, divalproex sodium used to treat manic symptoms and epilepsy, and the psychostimulant drug methylphenidate used to treat attention-deficit hyperactivity disorder (ADHD). There are several reviews on the pharmacological treatments of ASD and FXS for further reading \[[@R37]-[@R41]\].

Due to research advances in understanding the neurobiology of FXS a new group of drugs which are antagonists of group I metabotropic glutamate receptors (gp I mGluR) are developed and have shown therapeutic efficacy in human FXS clinical trials \[[@R42],[@R43]\]. Importantly, studies in animal models show that drugs which reduce gp I mGluR-signaling in brain target the *core symptoms* of ASD \[[@R44]-[@R46]\]. Pharmacological drug enhancement of GABAergic neurotransmission has also shown potential to improve social function in FXS clinical trial \[[@R47]\]. In addition to mGlu and GABA receptors, there are pathological changes in FXS and ASD involving iGluRs. In some patients it may be more beneficial to target iGluRs due to the heterogeneous etiology, presentation, genetics and molecular neurobiology of ASD, individual drug sensitivity and other pharmacological factors \[[@R48]\]. There is evidence for this from human clinical trials and animal models. It is also possible that for treatment of ASD a combination of several drugs, acting at mGluR and iGluR targets may be beneficial. This notion is supported by evidence from clinical trials with mGlu5 antagonists which show partial therapeutic effectiveness in FXS \[[@R42],[@R43]\]. As mentioned, ASD are neurodevelopmental cognitive disorders and brain glutamate receptors are critical in regulation of neuronal development, synaptic plasticity and learning and memory. The changes in iGluRs in ASD and FXS may be result of altered gp I mGluR signaling as has been shown for AMPARs in FXS but they also may occur as a result of changes in other neuronal proteins and signaling pathways such as proteins regulating iGluR receptor expression and trafficking (Arc, MAP1B, GRIP1, STEP, Shanks, neuroligins). Therefore, it is important to understand the molecular and cellular changes in iGluR expression and signaling as this may provide additional drug targets.

III. STRUCTURE, EXPRESSION AND FUNCTIONS OF IGLURS
==================================================

The actions of the major excitatory neurotransmitter glutamate in the mammalian central nervous system (CNS) are mediated by iGluRs and mGluRs.

1.. Structure of iGluRs
-----------------------

IGluRs are ligand-gated ion channels classified into ***NMDA*** (N-methyl-D-aspartate), ***AMPA*** (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and ***kainate*** receptors based on structural, pharmacological and physiological properties \[[@R49]-[@R54]\]. IGluRs are tetramers encoded by 18 genes, several of which undergo alternative splicing or RNA editing, conferring different physiological properties to the receptor proteins. IGluRs have four distinct domains: an extracellular N-terminal domain, an extracellular ligand-binding domain, transmembrane domain and an intracellular carboxy-terminal domain \[[@R51]\]. NMDA receptors (NMDARs) are obligate heteromers formed as tetramers from co-assembly of GluN1, GluN2A-GluN2D, GluN3A or GluN3B subunits. Each NMDAR channel contains a combination of two GluN1 and two GluN2A-GluN2D subunits, or two GluN1 with one GluN2 and one GluN3 subunits. They form Ca2+ permeable ion channels, require both glutamate and glycine for activation, and are blocked by Mg2+ ions. The non-NMDA iGluRs are AMPA and kainate receptors. AMPARs may be homo- or hetero- tetramers formed from the GluA1-GluA4 subunits. They are Mg2+-insensitive. The GluA2 subunit confers impermeability to Ca2+ to the AMPAR channel as a result of RNA editing of the Q/R site of the GluA2 mRNA. AMPARs are further distinguished by having long-C-terminal tails -- GluA1 and GluA4 or short C-terminal tails -- GluA2 and GluA3. The C-termini of AMPARs have sites for phosphorylation by different enzymes such as protein kinase A (PKA), protein kinase C (PKC), and interact with PDZ-domain containing proteins such as protein 4.1N that interacts with GluA1, PKC alpha binding protein (PICK1) and glutamate receptor interacting proteins 1 and 2 (GRIP1/2) that interact with the GluA2 and 3 subunits and are important for AMPA receptor trafficking. AMPARs co-assemble with auxiliary subunits -- trans-membrane AMPAR regulatory proteins (TARPs) such as stargazin, that are important for AMPAR expression, trafficking and functions. Kainate receptors are tetramers formed from combinations of the GluK1-GluK5 subunits. They have quite different synaptic roles in comparison with the other iGluRs despite structural and functional similarities, and they are mainly modulators of synaptic transmission and neuronal excitability \[[@R54]\]. The proteins PICK1 and GRIP that bind to AMPA receptors appear to play role in stabilizing kainate receptors at synapses. Another Kainate Receptor Interacting Protein, KIRP6, is important for modulation of receptor channel gating. IGluRs play key roles in basal synaptic transmission, different forms of synaptic plasticity, learning and memory, neuronal development and are involved in the neurobiology of many neurodevelopmental and neuropsychiatric disorders such as autism, FXS, schizophrenia, epilepsy, ADHD, Tourette syndrome, Alzheimer's disease and Huntington's disorder \[[@R54]-[@R56]\].

The functions of iGluRs are determined by their synaptic expression, trafficking, posttranslational modifications and signaling, and regulation by interacting proteins \[[@R57]-[@R61]\]. Different neuronal postsynaptic density (PSD) proteins, cell adhesion molecules, and cytoskeletal proteins interact with and regulate the expression and trafficking of iGluRs. GluA1 AMPARs interact with the PDZ-domain containing proteins synapse-associated protein-97 (SAP97) \[[@R62]\] and protein 4.1 \[[@R63]\], and GluA2/3 interact with PICK1 \[[@R64]\], GRIP1/2 proteins \[[@R65]\] and N-ethyl maleimide-sensitive factor (NSF) \[[@R66]\] which regulate the expression and trafficking of these receptors. The membrane-associated guanylate kinase (MAGUK) SAP97 has several splice isoforms and regulates the trafficking and localization of AMPA, NMDARs and potassium channels \[[@R62],[@R67],[@R68]\]. Postsynaptic density protein-95 (PSD-95) is important in the regulation of localization and trafficking of AMPA \[[@R69]-[@R72]\] and NMDARs \[[@R73],[@R74]\]. Regulation of the expression and trafficking of iGluRs is complex and some of the interacting PSD proteins have redundant functions. These mechanisms are important for synaptic plasticity and the neurobiology and treatment of ASD and FXS.

2.. Expression of iGluRs
------------------------

Regulation of the expression and trafficking of AMPA, NMDA and kainate receptors are described in excellent reviews \[[@R58],[@R60],[@R75],[@R57],[@R76],[@R77],[@R78],[@R79],[@R80],[@R54]\] and will not presented in detail here. There is *constitutive trafficking (cycling)* of AMPA and NMDARs which is rapid, *regulated trafficking* during synaptic plasticity -- various forms of long-term potentiation (LTP) or long-term depression (LTD), and trafficking during homeostatic plasticity \[[@R59]\]. The subunit composition of AMPA and NMDARs may change during development, in response to synaptic activity and in response to pathological processes in the central nervous system (CNS). The molecular mechanisms of iGluR receptor expression and trafficking are complex and may be cell-type-specific. AMPARs are highly dynamic and undergo constant trafficking in and out of synapses by a combination of endo/exocytosis and lateral diffusion \[[@R81]\]. AMPARs can diffuse at such high rates within the PSD that their surface trafficking is presumed to participate not only in setting receptor numbers at individual synapses but also in fine- tuning synaptic transmission during short-term plasticity. How these events are altered in ASD and neurodevelopmental disorders is not well understood. NMDARs, once considered not as mobile as AMPARs, also undergo trafficking during development, in response to neuronal activity and sensory experience by interaction with PSD proteins such as PSD-95 and SAP-102 \[[@R56]\]. Besides receptor protein trafficking, protein synthesis and proteasomal degradation, alternative splicing, and mRNA trafficking are important for expression of iGluRs and their synaptic function. iGluRs play roles in different forms of synaptic plasticity: Hebbian forms of plasticity-LTD, LTP which are considered as cellular models of learning and memory, and homeostatic plasticity. In general, during LTP AMPARs are delivered to the synapse by exocytosis whereas during LTD AMPARs are trafficked away from the synapse by endocytosis. The mechanisms of trafficking are different during different forms of LTP and

LTD \[[@R82]\]. One form of synaptic plasticity enhanced in mouse models of FXS and ASD is hippocampal gp I mGluR-LTD triggered by activation of gp I mGluR, dependent on rapid dendritic protein synthesis, and expressed with AMPAR internalization \[[@R83]\]. It is notable that stress which is important in the pathogenesis of ASD and FXS plays role in AMPAR trafficking \[[@R84]\]. Some molecules implicated in AMPAR trafficking during homeostatic plasticity are implicated in ASD and FXS, among them being tumor necrosis factor alpha (TNFα) \[[@R85]\], retinoic acid \[[@R86]\], PICK1 \[[@R87]\], activity-regulated cytoskeletal gene and protein (Arc/Arg3.1) \[[@R88]\] and phosphatidylinositide-3 kinase (PI3K) signaling \[[@R89]\].

3.. Roles of iGluRs in neuronal development
-------------------------------------------

The maturation of glutamatergic synapses is associated with changes in the composition and functional properties of iGluRs and synaptic morphological changes. The expression of NMDA and AMPARs follows a specific sequence during development; immature synapses have only NMDARs, followed by appearance of AMPARs and "unsilencing" of synapses with appearance of LTP \[[@R90],[@R91]\]. Early in development neurons express GluN2B receptors which are later substituted GluN2A receptors \[[@R92]\]. The precise mechanisms of synapse unsilencing with neuronal activity and maturation are somewhat contradictory. Earlier studies establish that NMDAR blockade in hippocampal neurons decreases AMPARs and increases silent synapses \[[@R93]\]. AMPAR blockade increases the appearance of AMPARs \[[@R93]\]. However, another study finds that the primary role of NMDARs during neuronal development appears to be limiting the number of functional synaptic inputs and synapse maturation \[[@R94]\]. Thus, postnatal GluN1 deletion in hippocampus increases the numbers of synapses containing AMPARs \[[@R94]\]. The roles of NMDARs in the structural properties of synapses are also a matter of debate. It is reported that NMDARs may influence generation of new spines \[[@R95]\] but another study does not find that deletion of GluN1 has an effect on spine number \[[@R94]\]. These differences may be attributed to the method of NMDAR blockade --NMDAR antagonists \[[@R94]\], siRNA \[[@R96]\] or mosaic genetic deletion in single neurons \[[@R94]\]. Moreover, it is hypothesized that the role of NMDARs in regulation of AMPARs depends on the maturational state of the circuit. Thus, early in neuronal development NMDARs negatively regulate AMPARs, whereas in the adult neuronal circuits NMDARs have positive effect on AMPAR numbers and synaptic function \[[@R96]\]. It is not well established if the expression of iGluRs during development is altered in ASD and FXS but there is some experimental evidence for this in the *Fmr1 knockout (*KO) mouse which will be discussed here. The expression changes of iGluRs may cause altered synaptic development, plasticity and neuronal connectivity which are important for ASD and FXS.

4.. Role of iGluRs in learning and memory and cognitive processes
-----------------------------------------------------------------

IGluRs are involved in different forms of synaptic plasticity - LTP, LTD and homeostatic plasticity (synaptic scaling) \[[@R82],[@R97],[@R59]\]. LTP and LTD are cellular mechanisms of learning and memory and are important for information storage in the brain and cognitive processes. Homeostatic plasticity is believed to maintain neuronal activity within a physiological range in the presence of changes and participates in the refinement of neuronal circuits \[[@R98]\]. Activation of NMDARs may trigger LTP or LTD, both of which may be accompanied with trafficking of postsynaptic AMPA and NMDARs. Generally, during NMDAR-dependent LTP, AMPARs are inserted into synapses by exocytosis whereas during NMDAR-LTD, AMPARs are trafficked out of synapses by endocytosis \[[@R79],[@R99],[@R80],[@R100]\]. Activation of gp I mGluR may trigger LTD which may be expressed with endocytosis of AMPARs, similarly to NMDAR-LTD \[[@R101]-[@R103]\]. A key distinction between NMDAR-LTD and mGluR-LTD at CA1 hippocampal synapses is that mGluR-LTD and its expression in the form of AMPAR endocytosis depend on rapid dendritic protein synthesis \[[@R83]\]. Another important postsynaptic expression mechanism of LTP and LTD is phosphorylation of AMPARs during LTP \[[@R104],[@R105]\] and dephosphorylation during LTD \[[@R104],[@R106]\]. For example, phosphorylation of GluA1 is observed during CA1 hippocampal LTP \[[@R107],[@R108]\] and phosphorylation at S831 and S845 is sufficient to lower the threshold for LTP induction, increasing the probability of synaptic plasticity \[[@R105]\]. NMDAR-LTD at CA1 hippocampal synapses is associated with dephosphorylation of the GluA1 subunit at serine 845, a cAMP-dependent PKA substrate \[[@R106]\]. In addition, presynaptic expression mechanisms may contribute to LTP and LTD involving changes in neurotransmitter release and cleft glutamate concentration \[[@R109],[@R82],[@R110]\]. LTP and LTD are usually accompanied by structural changes such as synaptic growth during LTP and synapse elimination as a result of LTD. The classical forms of LTP and LTD triggered by activation of NMDARs or mGluRs are expanded with additional mechanisms. For example, activation of muscarinic acetylcholine receptors \[[@R111],[@R112]\] may also trigger LTD in hippocampus that is expressed with AMPAR endocytosis. These types of synaptic plasticity may also have relevance for ASD since muscarinic cholinergic receptors are implicated in FXS \[[@R112]\]. Hebbian forms of plasticity (LTP and LTD) and homeostatic plasticity appear to involve different molecular mechanisms of AMPAR trafficking \[[@R57],[@R98],[@R87],[@R113],[@R98]\]. The molecular and cellular mechanisms of several forms of synaptic plasticity involving iGluRs are studied in brain in animal models of ASD and FXS with hope to understand the neurobiological mechanisms responsible for the cognitive deficits, and they will be summarized in this review.

IV. HUMAN STUDIES IMPLICATING IGLURS IN ASD AND FXS
===================================================

Human studies provide contrasting evidence that autism may be both *hypo-*\[[@R114]\] *and hyper-*glutamatergic \[[@R115]\] disorder. Evidence for hypoglutamatergic state in autism is provided by the therapeutic effects of *piracetam*, a positive AMPAR modulator \[[@R116]\]. In contrast, significantly higher concentrations of glutamate are reported in the serum of ASD patients in comparison with normal controls \[[@R22]\]. *Memantine* which is an uncompetitive NMDAR antagonist \[[@R117]\] has shown efficacy in autism \[[@R118]\]. These contradictory findings may be due to the heterogeneity of ASD, the patient population (e.g., pediatric versus adult), and to differences in the ontogenetic period investigated, brain regions studied, experimental methods, and types of glutamate receptors involved. For example, *increased* activity of NMDARs may be associated with increased NMDA-LTD and increased AMPAR internalization which is expressed with *decreased* AMPAR activity. Therefore, both and NMDAR antagonist (memantine) and AMPAR potentiator (piracetam) may be have therapeutic effects. Interestingly, recent analysis of gene expression patterns in autistic postmortem brain at two developmental time points finds strikingly different patterns of gene expression between young and more mature brains of autistic individuals \[[@R119]\]. Among several groups of genes with different functions, genes related to glutamate receptors in brain which are found to be expressed aberrantly are protein synthesis genes such as mTOR in young autistic prefrontal cortex (PFC), and signaling genes involved in glutamate regulation of D1 signaling in mature autistic PFC.

1.. Defects in Genes Encoding iGluRs and their Interacting/Regulating Proteins in ASD
-------------------------------------------------------------------------------------

Genetic studies strongly support involvement of iGluRs in ASD, the most frequent reports so far on changes affecting NMDARs. Sequencing of candidate genes in ASD probands identifies disruptive mutations in the *GluN2B* gene *(GRIN2B)* which may contribute, together with other genes such as CHD8, DYRK1A, PTEN and TBR1 to 1% of sporadic ASDs \[[@R120]\]. There are reports for association between haplotypes in the GRIN2B gene and ASDs in Korean families \[[@R121]\], and between the *GRIN2A* gene and autism \[[@R122]\]. Support for role of NMDARs in autism is provided by a study which identifies *de novo* mutations in GRIN2A and GRIN2B in patients with sporadic schizophrenia and autism, respectively \[[@R123]\]. Interestingly, these NMDAR subunits have differential expression during development with GluN2B expressed early in development, followed by GluN2A later in development and as synapses mature \[[@R61]\]. This sequence in expression of NR2 receptor subunits seems to be reflected in the genetic changes found in this study. Support for NMDAR involvement in autism is provided by a study which finds *de novo* mutations in GRIN2B in individuals with mental retardation: a frame shift, a missense and two splice-site mutations \[[@R124]\]. In a cohort of subjects with idiopathic epilepsy and/or mental retardation, a GRIN2A nonsense mutation is identified in a three-generation family. It is speculated that mutations disrupting different GluN2 subunits may have differential effects on the physiological properties of the receptors which affect the Mg^2(+)^ block and Ca^2(+)^ permeability of the receptor channel \[[@R124]\].

There are isolated reports for genetic alterations in AMPA and kainate receptors in human ASD. Genetic study finds that a child with autism has an interstitial deletion of chromosome 4q which results in hemizygocity for the *GluA2*AMPAR, hemizygocity for the glycine receptors GLRA3, GLRB, and the neuropeptide receptors NPY1R and NPY5R \[[@R125]\]. Another study identifies chromosome 6q21 as a candidate region for autism, and the kainate subtype glutamate receptor 6 (*GluR6 or GRIK2*) gene within this region as a functional candidate \[[@R126]\]. Studies report that the *GluK2* gene is in linkage disequilibrium with ASD \[[@R126],[@R127]\]. A complex mutation in the GluK2 gene is described which cosegregates with moderate-to-severe nonsyndromic autosomal recessive mental retardation in a large, consanguineous Iranian family \[[@R128]\], and results in loss of function of the GluK2 protein.

An association is found between autism and single nucleotide polymorphisms within the mitochondrial aspartate/glutamate carrier *SLC25A12* gene located on the autism susceptibility locus chromosome region 2q24-q33 \[[@R129]\]. However, an association of the SLC25A12 gene with autism is not established in another set of 327 families with autistic offspring, pointing out the genetic heterogeneity in ASD. Genetic changes are reported in synaptic proteins regulating the expression and functions of iGluRs. In a very large genetic study of 1181 autism families with at least 2 affected individuals, linkage and copy number variation analyses implicate chromosome 11p12-p13 and *neurexins*, respectively, among other candidate loci. Neurexins are their presynaptic interacting partners *neuroligins* (NLGN) are implicated in glutamatergic synaptogenesis and expression of AMPA and NMDARs, highlighting glutamate-related genes as promising candidates that contribute to ASDs \[[@R130]\]. Mutations are identified in human GRIP1 \[[@R131]\], Shank3 \[[@R132],[@R133]\], Shank 2 \[[@R15],[@R134]\], and E3 ubiquitin ligase (Ube3A) \[[@R135],[@R136]\], which may have effects on the expression and functions of AMPA and NMDARs in ASD. Mutations are reported in the NLGN1-4 genes in human ASD, making them very strong candidate genes for these disorders \[[@R137]-[@R144]\]. Interestingly, mutations in the X-linked NLGN4 may be associated with a wide range of neuro-psychiatric conditions such as autism, Asperger's syndrome, mental retardation, Tourette syndrome, attention deficit hyperactivity disorder, depression and anxiety \[[@R141]\].

2.. Clinical Pharmacological Studies
------------------------------------

Clinical trials with pharmacological drugs provide invaluable evidence for involvement of iGluRs in ASD and FXS. *Oxytocin* has shown some efficacy in humans with ASD, including enhancement of social cognition \[[@R145],[@R34],[@R146]\]. Electrophysiological studies indicate that the molecular and cellular mechanisms of oxytocin in the infralimbic medial prefrontal cortex (IL-mPFC), region important for social cognition, are through synaptic plasticity and glutamatergic neurotransmission \[[@R147]\]. In oxytocin-treated brain slices suppression of basal glutamatergic neuro-transmission in the IL-mPFC layer V pyramidal neurons is observed, which may be mediated by a reduction in glutamate release. Treatment of brain slices with oxytocin for 1 hour converts long-lasting depression into long-lasting potentiation of glutamatergic neurotransmission. It is concluded that the suppression of basal glutamatergic neurotransmission and facilitation of activity-dependent synaptic plasticity in the IL-mPFC might be critical for the effect of oxytocin on social cognition \[[@R147]\].

Evidence for a role of iGluRs in ASD is provided by the therapeutic effectiveness of *topiramate*, which antagonizes AMPA/kainate receptors, in children with pervasive developmental disorder \[[@R148]\], autism \[[@R149],[@R150]\] and adults with OCD \[[@R151]\]. Clinical studies using the NMDAR antagonist *memantine* in ASD show that it has efficacy in improving social withdrawal and inattention \[[@R152]\] and memory and hyperactivity, lethargy, and irritability \[[@R153],[@R154]\], providing support for role of NMDARs in ASD. In one study, significant improvements in language function, social behavior, and self-stimulatory behaviors are observed in ASD subjects treated with memantine \[[@R154]\]. It should be noted that memantine, besides being a noncompetitive NMDAR antagonist, is an antagonist at 5-HT3 \[[@R155],[@R156]\], nicotinic acetylcholine receptors \[[@R157]\], and agonist of D2 receptors \[[@R158]\]. The clinical studies with memantine so far are valuable but need to be expanded in a larger ASD patient population. Further support for involvement of NMDARs in ASD is obtained from the modest effect of *amantadine*, another NMDAR antagonist \[[@R159]\], in a placebo-controlled clinical trial of 39 children with ASD \[[@R160]\]. When assessed on the basis of parent-rated Aberrant Behavior Checklist -- Community Version (ABC-CV), amantadine does not show improvement of irritability and hyperactivity over the placebo response. However, in the amantadine-treated group there are statistically significant improvements in absolute changes in clinician-rated ABC-CVs for hyperactivity and inappropriate speech. Clinical Global Impression (CGI) scale ratings are higher in the amantadine group, suggesting that further studies with this or other drugs acting on the glutamatergic system are warranted.

Another drug supporting role of NMDARs in autism is *acamprosate*, which is believed to attenuate hyper-glutamatergic states by antagonizing of NMDA and mGlu5 receptors, and by modulating intracellular calcium release \[[@R161]-[@R163]\]. In a small study acamprosate is effective in improving social impairment in youth with autism \[[@R164]\]. In another study, acamprosate use is associated with significant improvement in social behavior and reduction in inattention/hyperactivity in 9/12 youth FXS subjects \[[@R165]\]. *D-cycloserine*, which is an NMDAR glycine site partial agonist and is effective in treatment of schizophrenia \[[@R166]\] has shown effectiveness in improving the social withdrawal, a core symptom in children with ASD \[[@R167]\].

3.. Postmortem Brain Studies
----------------------------

Postmortem brain studies find that humans with ASD have specific abnormalities in AMPA receptors (AMPARs) and glutamate transporters in the cerebellum that may be directly involved in the disease pathogenesis \[[@R168]\]. Gene expression patterns from postmortem cerebella from autism subjects and healthy controls are tested using cDNA microarrays followed by PCR validation, Western blotting and receptor autoradiography. The mRNA levels of several genes are significantly increased in the autism subjects, including excitatory amino acid transporter 1 and glutamate receptor AMPA1 (*GluA1*). Abnormalities in the protein or mRNA levels of several additional molecules in the glutamate system are identified, including glutamate receptor binding proteins. AMPAR density is decreased in ASD cerebellum.

4.. Human Neuroimaging Studies
------------------------------

Human neuroimaging studies provide evidence for abnormal glutamate levels in ASD. Concentrations glutamate+glutamine (Glx) are determined by 3T proton magnetic resonance spectroscopy imaging (^1^H MRS) in high-functioning medication-free adults with ASD and age- and Intelligence Quotient (IQ)-matched healthy controls (HC) in the anterior cingulate cortex (ACC), thalamus, temporoparietal junction (TPJ), and areas near or along the intraparietal sulcus (IPS), which are associated with networks subserving alerting, orienting, and executive control of attention in ASD. Compared to HC group, the ASD group shows significantly lower Glx concentration in right ACC \[[@R169]\]. In another study use of *in vivo* single-voxel (^1^H MRS) and proton magnetic resonance spectroscopic imaging (^1^H MRSI) shows that there is *hyper*glutamatergia in the pregenual anterior cingulate cortex (pACC) in middle to late childhood and adolescence in ASD \[[@R115]\]. These findings are interpreted to be in correspondence with abnormal increase of excitation relative to inhibition in key neural systems in autism \[[@R170]\].

V. NMDAR ALTERATIONS IN ANIMAL MODELS OF ASD AND FXS, AND *IN VITRO* IN CELL CULTURE
====================================================================================

In ***FXS*** there are changes involving mGluRs, AMPARs and NMDARs which may be brain-region-specific \[[@R171]-[@R173]\] and may be expressed differently in ontogeny \[[@R174]-[@R175]\]. In *Fmr1* KO mice there is *enhanced mGlu5 receptor signaling* and *enhanced CA1 hippocampal mGluR-LTD* that can be corrected using mGlu5 pharmacological inhibitors \[[@R176]-[@R180]\] which restore the normal behavioral, biochemical and neuroanatomical phenotype. However, in FXS and ASD there are additional alterations in iGluRs and proteins regulating glutamate receptors. This may be a reason why in some FXS and ASD studies mGlu5 antagonists have limited efficacy in reversing abnormal changes \[[@R181],[@R182]\]. Here we will review the significant findings in the scientific literature on changes in NMDAR expression, signaling and functions in animal models of ASD and FXS and cell culture. Some studies detect changes in the *function* of iGluRs and autistic-like *behaviors* and do not measure directly the *expression* levels of receptors.

The neurobiological effects of the NMDAR antagonist *memantine* have been explored in cultured cerebellar granule cells (cGC) from ***Fmr1*** KO mouse as a model of monogenic autism \[[@R183]\]. In the *Fmr1* KO there is delayed maturation of dendritic spines and fewer excitatory synapses. Memantine treatment of cGC has a stimulatory effect on dendritic spine maturation and excitatory synapse formation, and promotes the adhesion of cGC \[[@R183]\]. These processes are important for proper neuronal development and connectivity and have been linked to NMDARs. NMDARs inhibit the expression of AMPARs during development \[[@R94]\]. Early expression of GluN2A in organotypic hippocampal slices reduces the number of synapses formed, decreases the spine density and frequency of AMPAR mEPSC \[[@R184]\]. This is attributed to the low-affinity interaction of GluN2A with calcium-calmodulin kinase II (CaM KII) and the effect of GluN2A to reduce LTP. In contrast, overexpression of GluN2B does not affect synapse number and growth; however, it increases spine motility, adding and retracting spines at a higher rate. The C terminus of GluN2B and its ability to bind CaMKII is sufficient to allow proper synapse formation and maturation. The switch from GluN2B to GluN2A content in synaptic NMDARs observed in hippocampus during development may contribute to reduced plasticity by controlling the binding of active CaMKII \[[@R185]\]. These studies provide a likely explanation for the effects of memantine on excitatory synapses in cCG, and suggest that there is aberrant NMDAR expression and functions in the *Fmr1*KO mouse resulting in fewer and less mature excitatory synapses and less AMPARs.

Several studies describe alterations in NMDA-receptor dependent synaptic plasticity, NMDAR levels, phosphorylation and signaling in mouse models of FXS or ASD which are brain region specific (Table **[1](#T1){ref-type="table"}**). In the ***prefrontal cortex*** (PFC) of the *Fmr1*KO mouse, a region important for cognitive processes, there is *decreased LTP* due to deficient D1 receptor facilitation that is accompanied with *decreased insertion of GluA1* and *deficient GluN2B phosphorylation* \[[@R186],[@R187]\]. Expression of mGlu5, GluN2A and GluN2B subunits are not different in the PFC between WT and *Fmr1* KO mice. LTP in PFC, GluN2B phosphorylation and insertion of GluA1 can be restored in *Fmr1*KO by administration of a *D1 agonist SKF81297* in combination with a *gp I mGluR-antagonist DL-AP3*, but not by treatment with either drug alone. Behavioral tests indicate that the simultaneous treatment with D1 agonist and gp I mGluR antagonist inhibits hyperactivity and improves the learning in the *Fmr1* KO mice. Thus, a combination of D1 agonist and gp I mGluR antagonist influences the properties of iGluRs and is a potential drug therapy for the learning and memory deficits in FXS.

Individuals with FXS have deficits in attentional function, inhibitory control, and cognitive flexibility which are thought to be associated with the *PFC*. In the *Fmr1* KO mice a robust cognitive impairment is identified which may correspond to the deficits in cognitive flexibility in individuals with FXS. Importantly, the levels of proteins involved in synaptic function, including the NMDAR subunits GluN1, GluN2A, and GluN2B, the scaffolding proteins PSD-95 and SAPAP3, and the plasticity-related gene Arc, are decreased in the prefrontal cortex of *Fmr1* KO mice and are partly correlated with behavioral performance \[[@R188]\].

The clinical hallmarks of autism include excessive adherence to patterns and impaired detection of socially important patterns, and the ***dentate gyrus (DG)*** region of the hippocampus has a putative role in pattern separation (for time, space, and features) and pattern completion. There is diminished medial perforant path-granule cell LTP in the DG of *Fmr1*KO mice \[[@R189]\]. In addition, a smaller peak amplitude of NMDAR-mediated excitatory postsynaptic currents (EPSCs) is observed, whereas AMPAR-mediated EPSCs are comparable, yielding a lower NMDA/AMPA ratio.

The ***Fmr1***KO2 mice are a newer generation of *Fmr1*KO mice created by deletion of both the promoter and exon 1 of the *Fmr1*gene as a result of which they are deficient in both the *Fmr1*mRNA and FMRP \[[@R190]\], unlike the previous *Fmr1*KO which has remaining levels of *Fmr1*mRNA and FMRP \[[@R191]\]. In acute hippocampal slices from *Fmr1*KO2 mice early in development (14 days) in CA1 neurons there are *reduced AMPAR-mediated currents* and *increased NMDAR-mediated responses*, which reduce the AMPA/NMDA ratio. The reduction in AMPA/NMDA ratio is not observed at 6-7 weeks. The changes in iGluR currents are accompanied by corresponding *decreases in the synaptic GluA1 and GluA2* and *increase in the synaptic GluN1* receptors in hippocampal synaptoneurosomes at 14 days, but not at 6-7 weeks \[[@R174]\]. In correspondence, NMDAR-LTP induced by low-frequency stimulation (LFS) is significantly enhanced in the *Fmr1*KO2 early in development at 14 days and not at 6-7 weeks. NMDAR-LTD or short-term depression are normal in the *Fmr1* KO2. Interestingly, MPEP (2-methyl-6-phenylethynyl-pyridine) does not have an effect on the enhanced NMDAR-LTP. The authors propose that these hippocampal changes in iGluRs and synaptic dysfunction early in development cause learning and memory deficits that contribute to the Fragile X phenotype, together with parallel developmental irregularities in the cortex. They speculate whether NMDAR antagonists will be a suitable therapeutic option for FXS early in development which will depend on the nature of the NMDAR increase. For example, if it is compensatory, NMDAR antagonists may have a worsening effect.

Another study does not find significant differences in the expression of GluN1, GluN2A, GluN2B, and GluA1 in **hippocampal slices** from 1 or 2 week old *Fmr1*KO and WT mice using Western blot \[[@R192]\]. However, upon further analysis *in vitro* it is found that knockdown of FMRP (which resembles the *Fmr1*KO condition) strongly stimulates the translation of GluN2A 3'UTR reporter but not the GluN1 or GluN2B 3' UTR reporters \[[@R192]\]. Therefore, using this *in vitro* assay the authors determine somewhat indirectly that there is increased hippocampal expression of GluN2A in ***Fmr1***KO neurons, which may be obscured *in vivo* by different factors such as compensatory mechanisms during development or assay sensitivity. In another study, immuno-fluorescent immunostaining of primary hippocampal neurons from *Fmr1*KO mice finds significant increase in dendritic GluN2A early in development, 7 days *in vitro*(DIV) in comparison with neurons from WT mice, which corresponds approximately to mouse age 14 days \[[@R193]\]. These findings are similar to the ones in the *Fmr1*KO2 mouse in that there is increased NMDAR expression early in development although the GluN2A subunit is characterized instead of the obligatory GluN1 subunit \[[@R174]\]. What effects these expression changes will have on the NMDAR channel properties and synaptic plasticity remains to be determined. However, they are different than the results obtained in the *Fmr1*KO mouse using Western blot \[[@R192]\]. The difference may be observed because indirect immunofluorescent assays are more powerful in detecting small local differences in receptor expression in dendrites and at synapses than Western blotting using total protein extracts; therefore sometimes discrepancies in studies may occur due to the experimental technique used. This is why it may be good to ascertain changes in receptors using several techniques. Nevertheless, the elevated levels of GluN2A early in development in the *Fmr1*KO may have effects on synaptic development and plasticity, and may be attributed in part to regulation by microRNAs such as miR-125b \[[@R192]\], which bind to FMRP, and have inhibiting effects on synapse development and synaptic plasticity.

Another study does not find differences in the AMPA/NMDAR ratios in CA1 hippocampal slices from 2-week old *Fmr*1 KO mice \[[@R194]\], similarly to earlier studies that do not report changes in LTP in hippocampus from *Fmr1 KO mice*3-4 weeks old \[[@R172],[@R83]\]. The investigators find *reduced LTP* due to selective decrease in the synaptic delivery of GluA1 due to deficient Ras-PI3K-Protein kinase B (PKB) signal transduction \[[@R195]\]. This discrepancy between the different studies in AMPA and NMDA responses may be due in part to the remaining levels of *Fmr1*mRNA and FMRP in the *Fmr1* KO. In human FXS there are varying degrees of changes in the levels of FMR1 mRNA and FMRP which may result in varying changes in iGluR expression and functions. Thus, FXS subjects with premutation in the 5' region of the *FMR1*gene (\~55-200 CGG repeats) have decreased levels of FMRP and milder cognitive impairment than individuals with full mutation alleles (\>200 CGG repeats) in which the FMRP is absent \[[@R185],[@R196]\]. The individuals with premutation are also less likely to develop ASD than those with full mutation \[[@R196]\]. It should be noted that in humans the *FMR1*premutation may result in FXS, ASD and cognitive impairment through two mechanisms: decrease in the FMRP \[[@R197]\] and *increase*in FMR1 RNA which may result in RNA toxicity, effects on the miRNA pathway, cell death and mitochondrial pathways \[[@R196]\]. This may have implications for using the *Fmr1* KO mouse, which still has residual levels of FMRP, as a model for FXS. Levels of FMRP and *Fmr1*mRNA should be measured when determining changes in glutamate receptors and synaptic plasticity. Additional reason for the observed discrepancy in NMDAR expression in different studies may be the difference in maturation of neurons in cell culture \[[@R193]\] and *in vivo* \[[@R192]\] which may result in differences in receptor expression.

The *Fmr1* KO mouse exhibits age-dependent deficits in LTP at association (ASSN) synapses in the **anterior piriform cortex (APC).** To investigate the mechanisms for this, whole-cell voltage-clamp recordings of ASSN stimulation-evoked synaptic currents are made in APC of slices from adult *Fmr1* KO and WT mice, using the competitive NMDAR antagonist, 3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid (*CPP)*, to distinguish currents mediated by NMDA and AMPARs. NMDA/AMPA ratios are lower in *Fmr1* KO than in WT mice, at ages ranging from 3-18 months. Since the amplitude and frequency of AMPAR mEPSCs are not found to be different in *Fmr1* KO and WT mice at these ages, the results suggest that NMDAR-mediated currents are selectively reduced in the *Fmr1*KO \[[@R173]\]. Analyses of voltage-dependence and decay kinetics of NMDAR-mediated currents do not reveal differences between *Fmr1* KO and WT mice, suggesting that reduced NMDA currents in *Fmr1* KO mice are due to *fewer synaptic*receptors rather than differences in receptor subunit composition. Evoked currents and mEPSCs are also examined in senescent *Fmr1* KO and WT mice at 24-28 months of age. NMDA/AMPA ratios are similar in senescent *Fmr*1 KO and WT mice, due to a decrease in the ratio in the WT mice, without significant change in AMPAR-mediated mEPSCs. These findings of age-dependent changes in NMDARs suggest that pharmacological treatments in FXS may have age-specific effects.

Mutations in the X-linked gene Methyl CpG binding protein 2 (MeCP2) are linked to ***Rett syndrome***, a severe form of autism, and it is believed that MeCP2 is involved in brain maturation. Differences in NMDAR expression and functions are noted in studies using Rett syndrome mouse models. However, the findings are inconsistent, maybe due to the different animal models and brain regions studied. Mapping expression of the immediate-early gene Fos as a marker of neuronal activation in the brains of WT and MeCP2 Null mice before and after the appearance of overt symptoms (3 and 6 weeks of age, respectively) in one study reveals significantly less Fos labeling at 6 weeks in Null in comparison with WT mice in limbic cortices and subcortical structures \[[@R199]\]. In contrast, Null mice have significantly more Fos labeling than WT mice in hindbrain, most evident in cardiorespiratory regions of the nucleus tractus solitarius (nTS). Using nTS as a model, whole-cell recordings demonstrate that increased Fos expression in Nulls at 6 weeks is associated with *synaptic hyperexcitability*, including increased frequency of spontaneous and miniature EPSCs and increased amplitude of evoked EPSCs. No such effect of genotype on Fos or synaptic function is seen at 3 weeks. In the mutant forebrain, reduced Fos expression, as well as abnormal sensorimotor function is reversed by the *NMDAR antagonist ketamine*, which upregulates Fos expression in limbic forebrain of mice \[[@R198]\]. In another study, removing MeCP2 from mouse brains at the early developmental stage that coincides with Rett development, late juvenile or adult stages results in active shrinking of the brain and higher than normal neuronal cell density. Deletion of MeCP2 in juvenile or adult mice results in Rett-like behavioral deficits. The mature dendritic arbors of pyramidal neurons are severely retracted and dendritic spine density is dramatically reduced. Hippocampal astrocytes have significantly less complex ramified processes. There is a striking reduction in the levels of several synaptic proteins, including CaMKII α/β, AMPA, and NMDARs, and the synaptic vesicle proteins vesicular glutamate transporter (Vglut) and synapsin, which represent critical modifiers of synaptic function and dendritic arbor structure. Since the mRNA levels of these proteins remain unchanged, it is likely that MeCP2 regulates these synaptic proteins post-transcriptionally, directly or indirectly. It is concluded that genetic changes in MeCP2 lead to changes in glutamatergic synaptic receptors and proteins which influence neuronal development and networks \[[@R199]\].

Mutations in the tuberous sclerosis complex 1 or 2 genes (*TSC1* or *TSC2*) cause the disease ***tuberous sclerosis complex (TSC)*** in humans that is characterized with multiple benign tumors, neurological deficits, autism, cognitive dysfunction, and epilepsy. Deletion of the *TSC1*or *TSC2* genes disrupts the TSC1/2 complex, results in aberrant activation of the mammalian target of rapamycin complex 1 (mTORC1), and upregulation of protein translation. Deletion of *Tsc1* in mouse CA1 hippocampal neurons causes *enhancement of glutamatergic synaptic function* evidenced by larger evoked AMPAR and NMDAR currents and increased frequency of mEPSCs \[[@R200]\]. Protein translation-dependent *mGluR-LTD is absent* in *Tsc1* KO neurons, whereas NMDAR-LTD is not affected \[[@R200]\]. These changes occur in the absence of changes in dendritic spine number, morphology, or presynaptic release probability. They suggest that loss of *Tsc1* in hippocampal neurons impairs the ability to activate the signaling pathways necessary for mGluR-LTD and causes enhanced excitatory drive which may have consequences for circuit information processing and network excitability. This in contrast to FXS in which there is *upregulation* of basal protein translation and *enhancement* of hippocampal mGluR-LTD \[[@R83],[@R201]\]. These studies imply that synapses are the neuroanatomical substrates in FXS and ASD and that the nature of the changes involving excitatory neurotransmission is *disease-specific*.

Another study uses **rats selectively bred for low rates of play-induced pro-social ultrasonic vocalizations (USVs)** to model certain core symptoms of autism and to understand the role of NMDARs in autism \[[@R22]\]. *Low-line animals* exhibit autism-like behaviors: they engage in less social contact time with conspecifics, show lower rates of play induced pro-social ultrasonic vocalizations (USVs), and show an increased proportion of non-frequency modulated (i.e. monotonous) USVs compared to non-selectively bred random-line animals. Gene expression patterns in the low-line animals have significant enrichment in autism-associated genes and particularly the NMDAR family. Treatment of low-line animals with the *NMDAR glycine site partial agonist GLYX-13* rescues the deficits in play-induced pro-social 50-kHz and reduced monotonous USVs. Thus, the NMDAR is shown to play a functional role in autism, and enhancement of NMDAR activity with GLYX-13 shows promise for the treatment of autism in this particular model \[[@R22]\].

The role of NMDARs in ASD is shown in **Balb/c mice** which are a model of impaired sociability and social motivation relevant to ASDs \[[@R202],[@R203]\]. Impaired sociability of 8- or 4-week old Balb/c mice is attenuated by *agonists of the glycine(B)* site on the NMDAR, such as *d-cycloserine*. Because stereotypies can compete with the salience of social stimuli, the investigators compare Balb/c and **Swiss Webster mice** on several spontaneous stereotypic behaviors emerging during social interaction with a social stimulus mouse. Similarly to 8-week old mice, spontaneous stereotypic behaviors during social interaction are more intense in the 4-week old Swiss Webster mice; furthermore, d-cycloserine reduces their intensity. Thus, d-cycloserine improves both sociability and stereotypic behaviors and these effects may lack strain-selectivity. The data suggest that targeting the NMDAR can have promising therapeutic effects on two prominent domains of psychopathology in ASDs: impaired sociability and spontaneous stereotypic behaviors.

Based on the effectiveness of mGlu5 antagonists in FXS, examination of the effects of the mGlu5 antagonist 2-methyl-6-(phenylethynyl) pyridine MPEP on sociability and stereotypic behaviors in **Balb/c** and **Swiss Webster mice** shows a mixed situation; MPEP has complex effects on sociability, impairing some measures of sociability in both strains, while it reduces the intensity of some spontaneous measures of stereotypic behaviors emerging during free social interaction in Swiss Webster mice \[[@R204]\]. Conceivably, mGlu5 antagonism exacerbates diminished endogenous tone of NMDAR-mediated neurotransmission in neural circuits relevant to some measures of sociability in Balb/c mice; the mGlu5 receptor contributes to regulation of the phosphorylation state of the NMDAR. It is concluded that medication strategies aimed to attenuate the severity of stereotypies in ASDs *via*antagonism of mGlu5 receptors must be pursued cautiously because of their potential to worsen some measures of sociability, providing rationale to develop drugs targeting NMDARs, in addition to mGluRs, in ASD.

Mouse models with *NMDAR hypofunction* as a result of the administration of the **NMDAR antagonist MK801** \[[@R205]\] or **constitutive**\[[@R206],[@R207]\] or**selective deletion**in**parvalbumin interneurons**\[[@R208]\] of the obligatory**GluN1** subunit reproduce behavioral, cellular and electrophysiological abnormalities observed clinically in ASD. Adult constitutive **GluN1 KO mice** show behavioral deficits relevant to all core ASD symptoms, including decreased social interactions, altered ultrasonic vocalizations and increased repetitive behaviors. NMDAR disruption recapitulates clinical endophenotypes such as reduced prepulse inhibition (PPI), auditory-evoked response N1 latency delay and reduced gamma synchrony. Auditory electrophysiological abnormalities closely resemble those seen in clinical studies of autism. The γ-aminobutyric acid type B (GABA~B~)-receptor agonist *baclofen* improves excitatory/inhibitory balance, the auditory-evoked gamma-signal to noise ratio and broadly reverses the behavioral deficits in the constitutive GluN1 KO mouse \[[@R207]\]. Therefore, a molecular defect in *NMDARs* results in increase in intrinsic pyramidal cell excitability and selective disruption of parvalbumin-expressing *GABAergic* interneurons which may provide useful translational biomarker for ASD (Fig. **[1](#F1){ref-type="fig"}**). These ASD mouse models are characterized with NMDAR *hypofunction*, unlike the *Tsc1*KO mouse which has increased hippocampal NMDAR excitatory neurotransmission. However, there may be brain-region, species-specific and developmental differences in NMDARs in different subtypes of ASD.

The connection between GABA~B~ receptors and iGluRs seen in the GluN1 KO mouse is established also in the *Fmr1*KO mouse \[[@R209]\]. Pharmacologic activation of the GABA~B~ receptor in neurons from *Fmr1* KO mice with the selective GABA~B~R agonist *STX209 (arbaclofen, R-baclofen)* reduces elevated basal protein synthesis and elevated AMPAR internalization. Acute administration of STX209 *in vivo*, at doses that modify behavior, decreases mRNA translation in the cortex of *Fmr1* KO mice. Chronic administration of STX209 in juvenile mice corrects the increased spine density in *Fmr1* KO mice without affecting spine density in WT mice. Thus, activation of the GABA~B~receptor corrects synaptic abnormalities central to FXS pathophysiology, suggesting that STX209 is a potentially effective therapy for the core symptoms in FXS and ASD. In a clinical trial with human FXS subjects arbaclofen has shown promising effects in improving social function and behavior but not on the primary endpoint measure of irritability, as determined using the Aberrant Behavior Checklist-Irritability subscale \[[@R47],[@R210]\]. Moreover the results from clinical trials with STX209 in FXS and ASD subjects indicate that it is overall well-tolerated and may be effective in amelioration of some symptoms of FXS and ASD in a fraction of the patients. Future challenges to the field are to choose suitable primary outcome measures for ASD and FXS clinical trials and predict which patients will respond favorably to the drug.

VI. AMPAR ALTERATIONS IN ANIMAL MODELS OF ASD AND FXS AND *IN VITRO* IN CELL CULTURE
====================================================================================

There are many studies in animal models and primary neurons suggesting that AMPARs are important in the neurobiology of ASD and FXS (Table **[1](#T1){ref-type="table"}**). AMPARs mediate the expression of several forms synaptic plasticity related to cognitive processes such as LTP, LTD and homeostatic plasticity. AMPAR alterations in animal models of ASD and FXS are usually manifested as changes in the expression and trafficking of receptors. Other parallel mechanisms are AMPAR phosphorylation/dephosphorylation, alterations in the trafficking of AMPAR mRNAs and synthesis/degradation of the receptor proteins. Another mechanism by which AMPARs are involved in the neurobiology of ASD and FXS is the role of AMPARs in stress that is known to exacerbate neuropsychiatric disorders including ASD \[[@R211],[@R212]\] and FXS \[[@R213]-[@R216]\], and has been shown to have effects on hippocampal synaptic plasticity, AMPAR trafficking and phosphorylation \[[@R217],[@R218],[@R84],[@R219],[@R220],[@R221]\]. AMPAR involvement in ASD and FXS affects mainly the cerebellum, hippocampus, amygdala, and prefrontal cortex.

The ***cerebellum*** is a brain region frequently implicated in the neurobiology of ASD and FXS \[[@R222]\], which is important for cognition and learning during development \[[@R223]\]. AMPARs have significant role in synaptic plasticity in this brain region. As pointed out, human postmortem brain studies report *decreased* AMPAR expression in cerebellum in ASD \[[@R168]\]. Correspondingly, in the ***Fmr1***KO mouse synaptic plasticity (mGluR-dependent LTD) in cerebellum is altered (enhanced) resulting in deficits in learning \[[@R224]\]. One study using a mouse model with deletion of the neuronal **Islet Brain-2 protein** (IB2) which is integral part of the PSD, is positioned near Shank 3, and is lacking often in Phelan- McDermid syndrome, a cause of autism, finds significant *decrease* in AMPAR-mediated and *increase* in NMDAR-mediated glutamatergic transmission in cerebellar mossy fiber to granule cell synapses \[[@R225]\]. This is accompanied by motor and cognitive deficits in IB2 KO mice suggestive of an autism phenotype. However, it should be noted that in addition to glutamate, endocannabinoids may be involved in synaptic plasticity and learning and memory in cerebellum \[[@R226],[@R227]\].

Another brain region important for ASD and FXS that exhibits changes in iGluRs is the ***hippocampus***. The *Fmr1*KO mouse has enhanced gp I mGluR-signaling and enhanced *hippocampal* gp I mGluR-LTD \[[@R83]\] that have provided basis for the mGluR theory of FXS \[[@R228]\]. This theory has guided development of mGlu5 antagonists for treatment of FXS, which have shown effectiveness in animal models and human clinical trials \[[@R42],[@R43],[@R176]-[@R178]\]. In the *Fmr1*KO mouse enhanced hippocampal gp I mGluR-LTD is characterized with enhanced *internalization of AMPARs* \[[@R229]-[@R232]\]. Unlike the normal hippocampal mGluR-LTD \[[@R101],[@R103]\], in the *Fmr1* KO mGluR-LTD does not require new protein synthesis due to basally elevated proteins regulating AMPAR trafficking, as a result of absence of translational repression by FMRP. Proteins regulating AMPAR endocytosis such as Arc, microtubule-associated protein 1B (MAP1B), STrial-Enriched protein Tyrosine Phosphatase (STEP), amyloid precursor protein (APP), termed "LTD" proteins, are basally upregulated in neuronal dendrites from *Fmr1* KO mice, and do not increase further during mGluR-LTD. The role of FMRP in excessive mGluR-dependent internalization of AMPARs is shown in normal rat neuronal hippocampal cultures using FMRP siRNA \[[@R233]\]. In the *Fmr1*KO mouse, in addition to decreased AMPA receptors during hippocampal mGluR-LTD \[[@R229],[@R230],[@R234]\], the expression of AMPARs in hippocampus is *decreased* at basal state during early development, 7-12 DIV \[[@R235]\]. This is likely due to the basally elevated levels of LTD proteins. At early developmental time points (7-12 days *in vitro* hippocampal neurons) decrease in GluA2 is reported \[[@R235]\] whereas at later developmental time points, decreases in both GluA1 \[[@R234],[@R229]\] and GluA2 \[[@R234]\] are reported. Although both GluA1 and GluA2 levels may be measured to determine AMPAR internalization in hippocampus, the leading model suggests that the GluA2 AMPAR subunit controls endocytosis during mGluR-LTD \[[@R80],[@R236]\]. The molecular mechanisms of AMPAR endocytosis in the *Fmr1* KO mouse during hippocampal mGluR-LTD have been studied in detail \[[@R234],[@R229],[@R237],[@R231]\]. The regulation of dendritic protein synthesis and therefore, AMPAR internalization, during hippocampal gp I mGluR-LTD is achieved through the eukaryotic elongation factor 2 (eEF2 kinase) pathway \[[@R229],[@R103]\] and this mechanism is altered in the *Fmr1 KO*mouse \[[@R229]\]. The neurodevelopmental cytoskeletal protein MAP1B is synthesized during hippocampal mGluR-LTD in neuronal dendrites \[[@R103],[@R238]\], and is elevated in hippocampus of *Fmr*1 KO mice \[[@R239]\]. MAP1B plays role in AMPAR endocytosis during mGluR-LTD through interaction with GRIP1 by keeping internalized GluA2 away from the synaptic surface \[[@R103]\], and this mechanism is likely enhanced in the *Fmr1*KO mouse. Since MAP1B siRNA blocks the endocytosis of AMPARs during normal hippocampal mGluR-LTD \[[@R103]\], it may be possible to block the enhanced mGluR-LTD and restore the decreased levels of AMPARs in FXS by decreasing MAP1B protein levels using small interfering RNA (siRNA). STEP is a brain-enriched tyrosine phosphatase that normally opposes synaptic strengthening by dephosphorylating key neuronal signaling molecules including NMDARs, AMPARs, extracellular signal-regulated kinase 1 and 2 (ERK1/2), stress-activated protein kinase p38 (p38), and the tyrosine kinase Fyn \[[@R240],[@R241]\]. STEP regulates AMPAR internalization by modulating dephosphorylation of the GluA2 subunit. Reducing STEP in the *Fmr1*KO mouse diminishes seizures and restores select social and nonsocial anxiety-related behaviors \[[@R242]\]. Taken together, these studies suggest that restoring normal levels of AMPARs in hippocampal neurons has therapeutic potential in FXS. Interestingly, one study does not find decrease of GluA1 protein in hippocampus and cerebellum from *Fmr1*KO mice but only in PFC which is accompanying to reduced cortical LTP \[[@R171]\]. This difference may be due to the experimental approaches used which may not detect subtle changes in AMPAR endocytosis, and the age of the mice (8-10 weeks), underscoring the importance of the experimental approaches used. This study does not find changes in the expression of NR2 subunits in PFC, cerebellum or hippocampus from *Fmr1*KO mice \[[@R171]\].

Another molecular mechanism by which FMRP may regulate the levels of synaptic AMPARs in neurons is through control of the local synthesis of AMPAR subunits, PSD-95, and CaMKII alpha downstream of mGluR-activation \[[@R243]\]. Besides activation of gp I mGluRs, activation of other G-protein coupled receptors such as Gq-coupled, M1 muscarinic acetylcholine receptors (mAChRs) can trigger LTD that shares similar expression mechanisms with mGluR-LTD as it also requires protein synthesis, activation of the ERK and mammalian target of rapamycin (mTOR) translational pathways, stimulation of translation of FMRP and FMRP-binding mRNAs, and is expressed with AMPAR internalization. Both mGluR- and mAChR-dependent protein synthesis and LTD are *enhanced* in *Fmr1* KO mice \[[@R112]\]. Therefore, mAChR antagonists may have therapeutic potential in FXS, in addition to gp I mGluR antagonists. Additional regulation of AMPAR levels and synaptic plasticity in FXS may be achieved through regulation of FMRP ubiquitination and degradation \[[@R244],[@R238]\]. For example, during hippocampal mGluR-LTD there is brief increase in synthesis of FMRP which is degraded rapidly by the ubiquitin-proteasome pathway \[[@R238]\]. This mechanism is lacking in the *Fmr*1 KO mouse and further contributes to the reduced AMPARs.

Another form of hippocampal synaptic plasticity altered in *Fmr1*KO mice is homeostatic plasticity dependent on retinoic acid (RA) \[[@R86]\]. Suppression of synaptic activity increases synaptic strength by inducing synthesis of RA, which activates postsynaptic synthesis of AMPARs in dendrites and promotes synaptic insertion of newly synthesized AMPARs. FMRP is essential for this process and RA-dependent dendritic translation of GluA1 is impaired in *Fmr1* KO mice.

The amygdala are implicated by several studies in FXS and ASD, and the strong emotional symptoms of FXS likely involve the ***amygdala*** \[[@R197]\]. Synaptic plasticity in the amygdala is investigated using whole-cell recordings in brain slices from adult *Fmr1* KO mice \[[@R182]\]. MGluR-dependent LTP at thalamic inputs to principal neurons in the lateral amygdala is impaired resulting in *reduced surface expression of GluA1* AMPARs in the *Fmr1*KO mice. Additionally, there is lower presynaptic release manifested by a decrease in the frequency of spontaneous miniature excitatory postsynaptic currents (mEPSCs), increased paired-pulse ratio, and slower use-dependent block of NMDAR currents. Surprisingly, pharmacological inactivation of mGlu5 with MPEP fails to rescue either the deficit in LTP or surface GluA1. However, the same acute MPEP treatment reverses the decrease in mEPSC frequency, a finding of potential therapeutic relevance.

As discussed earlier, in **PFC** facilitation of synaptic LTP by D1 receptor is impaired in *Fmr1* KO mice, and this correlates with decreased surface GluA1 \[[@R187]\]. Surface GluA1 insertion in *Fmr1*KO is increased by administration of the D1 agonist SKF81297 in combination with gp I mGluR-antagonist, DL-AP3. This treatment inhibits hyperactivity and improves the learning ability of the *Fmr1*KO mice. Interestingly, this study does not find consistent D1 modulation of basal AMPAR transmission in adult slice recordings, while in cultured PFC neurons D1 receptor activation causes GluA1 subunit surface expression and synaptic insertion. This inconsistency between adult slices and cultured neurons may be explained by developmental differences (cultured neurons may express proteins not expressed *in vivo*) or the differences between *in vivo* and *in vitro* neuronal networks. The investigators use PFC slices from mice, 5-6 weeks of age, and cultures prepared from Spague-Dawley rats, E18 at 10-14 DIV. This study emphasizes the need for careful comparison of animal and cell culture studies.

Alterations involving AMPARs in other animal ASD models besides the *Fmr1*KO mouse are largely due to defects in proteins regulating the expression and trafficking of AMPARs and will be discussed in a following section of this review. A study using a KO mouse model of **Angelman syndrome** shows that there is dysfunction in AMPAR trafficking, enhanced AMPAR endocytosis and *decreased hippocampal synaptic AMPARs* \[[@R245]\]. Mutations of the E3 ubiquitin ligase Ube3A, located within chromosome 15q11-q13, are reported in individuals with Angelman syndrome. This neurological disorder manifests with autism, motor dysfunction, mental retardation, speech impairment, and seizures. Ube3A KO mice lacking the Ube3A ligase gene display a number of features of Angelman syndrome such as high frequency of seizures, general ataxia, abnormal EEGs, and poor performance on tests of learning and memory \[[@R245]\]. Analysis of the synaptic expression of AMPAR in cultured hippocampal neurons from Ube3A KO mice and their WT littermates reveals that Ube3A KO neurons have significantly reduced synaptic and surface GluA1 expression compared to WT neurons, without any changes in the surface expression of NMDARs. The *reduced GluA1 expression* is due to elevated levels of Arc in the KO neurons since small hairpin RNA (shRNA) targeting Arc in Ube3A KO restores surface GluA1 expression. These experiments suggest that the excessive internalization of AMPARs in Ube3A knockout neurons is likely a result of failure to ubiquitinate and degrade Arc, and may be a mechanism through which Ube3A deficiency is responsible for cognitive deficits in Angelman syndrome. However, the defect in synaptic GluA1 AMPARs is not the only thing that has gone awry in Angelman syndrome. It is possible that Ube3A substrates, in addition to Arc, play roles in nervous system development and contribute to development of the neurological and psychiatric disturbances.

Postnatal ***Tsc1*** loss in mouse hippocampal cultures is associated with increased levels of Arc protein, significantly decreased GluA1 and GluA2 receptors and functional reduction of glutamatergic synaptic strength. This is a homeostatic compensatory mechanism due to suppression of hippocampal inhibitory neurotransmission associated with loss of *Tsc1*, which is insufficient and is accompanied with excitatory-inhibitory synaptic imbalance \[[@R246]\]. These changes are accompanied by hypexcitability in *Tsc1*KO mice, are expressed through the mTOR pathway and are ameliorated by chronic treatment with rapamycin.

Another mechanism through which AMPARs are involved in ASD and FXS is through their role in *excitotoxicity and cell death* \[[@R247]\]. This is determined by the permeability of the receptor to Ca ^2+^ ions, and is dependent on the expression of the GluA2 subunit which limits Ca ^2+^permeability \[[@R248]\]. Epilepsy is common in ASD and FXS, and AMPARs are implicated in its pathophysiology and treatments \[[@R249],[@R250]\]. This is a broad topic that is a subject of a review on its own.

VII. KAINATE RECEPTOR ALTERATIONS IN ANIMAL MODELS OF ASD AND FXS AND *IN VITRO* IN CELL CULTURE
================================================================================================

Due to a report of a complex mutation in GluK2 that cosegregates with nonsyndromic autosomal recessive mental retardation \[[@R128]\], studies are carried out in mice to understand its significance for ASD. Electrophysiological data show that this mutation causes loss-of-function of the GluK2 protein. Subsequently, a study in GluK2(-/-) KO mice shows that the GluK2 receptor plays a role in ASD by regulating the maturation of synaptic circuits involved in learning and memory \[[@R251]\]. It is shown that the functional and morphological maturation of hippocampal mossy fiber to CA3 pyramidal cell synapses is delayed in GluK2 (-/-) KO mice, and this deficit is manifested by a *transient reduction in the amplitude of AMPA EPSCs* at a critical time point of postnatal development, whereas the NMDA component is spared. A decrease in GluA1 expression is observed. Analysis of the time-course of structural maturation of CA3 synapses by confocal imaging of yellow fluorescent protein (YFP)-expressing cells shows that major changes in synaptic structures occur subsequently to the sharp increase in synaptic transmission, and that the course of structural maturation of synaptic elements is impaired in GluK2(-/-) KO mice \[[@R251]\] (Table **[1](#T1){ref-type="table"}**). In another study, the mutation M8361 of the GluK2 gene which is linked to autism is studied in cell culture - oocytes and COS-7 cells. It is established that this is a gain-of-function mutation leading to enhanced plasma membrane expression and *increased current amplitudes of GluK2(M8361)* compared to wild-type GluK2 that seems to be regulated by Rab11 \[[@R252]\]. These studies show that kainate receptor mutations found in ASD affect synaptic maturation and may affect simultaneously expression and functions of kainate and AMPARs.

VIII. ALTERATIONS IN IGLUR RECEPTOR-INTERACTING PROTEINS IN ANIMAL MODELS OF ASD AND FXS AND *IN VITRO* IN CELL CULTURE
=======================================================================================================================

As emphasized, mutations in neuronal synaptic proteins which interact with and regulate the expression and functions of iGluRs are found in human subjects with ASD. These proteins include postsynaptic neuroligins (NLGN) 1-4 and their presynaptic binding partners neurexins (NRXN) \[[@R253]\], Shank 1-3 proteins \[[@R134],[@R254]\], and GRIP1 \[[@R131]\]. Animal models have been created with the affected genes knocked out or mutants knocked in \[[@R255]-[@R257]\]. These mice reliably reproduce certain molecular, cellular and behavioral characteristics of ASD and have been instrumental in increasing our understanding of the disease mechanisms, and hopefully will aid in development of new drug treatments.

The **NLGNs** are a family of transmembrane cell-adhesion molecules expressed mainly postsynaptically which regulate excitatory and inhibitory synapse development, validation, maturation and functions \[[@R142],[@R258]\] (Fig. **[2](#F2){ref-type="fig"}**). NLGNs regulate synapse formation and synaptic transmission by interactions with NRXNs, PSD-95, AMPA and NMDARs, Shanks, and cooperate with leucine-rich repeat transmembrane neuronal proteins (LRRTM) in their interaction with NRXNs and excitatory synapse-regulating functions \[[@R259]-[@R261]\]. NLGN1 is associated with excitatory glutamatergic synapses, NLGN2 is associated with inhibitory GABAergic synapses \[[@R262]\], NLGN3 is found both at glutamatergic and GABAergic synapses \[[@R263]\], and NLGN4 is associated with glutamatergic and inhibitory glycinergic synapses \[[@R264]\]. Studies in KO mice suggest that similar synaptic plasticity and behavioral mechanisms involve NLGNs in nonsyndromic forms of ASD and in syndromic forms such as FXS \[[@R265]\].

The molecular and cellular mechanisms by which NLGNs are involved in the pathogenesis of ASD and FXS and bring about changes in iGluRs are complex. Overall, they involve alterations in synapse development, expression of iGluRs and resulting alterations in synapse formation and synaptic plasticity, leading to deficits in learning and memory and neuronal communication. It is shown *in vitro*that interaction of NRXN1b and NLGN1 is important for the formation of excitatory synapses and the recruitment of PSD-95 and NMDAR scaffolds and subsequently, recruitment of GluA2 AMPARs \[[@R266],[@R267]\]. The levels of *AMPARs and AMPAR-mediated synaptic transmission are decreased* in hippocampal slices from **NLGN1 KO mice**, confirming an important role of NLGN1 in driving AMPARs to nascent synapses through a diffusion trap mechanism, involving PSD-95 scaffolds (NLGN1/PSD-95 clusters assembled by NRXN-1b multimers) in competition with existing synapses \[[@R268]\]. NLGN1 KO mice also display alterations in *NMDAR-mediated transmission*. A study characterizes the effects of NLGN1 on synapse formation and AMPAR recruitment in primary cortical cultures from NLGN1 KO mice and WT littermates using live imaging of fluorescently tagged PSD-95, GluA2 and the presynaptic vesicle molecule SV2A to follow the constancy of the contents of these molecules at individual synapses over time. It is shown that loss of NLGN1 is associated with larger fluctuations in the synaptic contents of these molecules and a poorer preservation of their contents at individual synapses \[[@R269]\]. In turn, AMPARs may also play a role in the stabilization of synapses and elimination of inappropriate connections \[[@R270]\]. Thus, removal of surface AMPARs leads to a decrease in the number and stability of excitatory presynaptic inputs, whereas overexpression increases synapse number and stability. Overexpression of GluA2 AMPARs along with NLGN1 in 293T cells is sufficient to stabilize presynaptic inputs from cortical neurons onto heterologous cells which is not dependent on receptor-mediated current and instead relies on structural interactions mediated by the N-terminal domain of GluA2 \[[@R270]\]. Therefore, in ASD, loss of AMPARs may impair synapse stabilization and appropriate formation of neuronal connections.

The extracellular domains of NLGNs may also be important in the recruitment of AMPA and NMDARs at synapses and synaptic plasticity \[[@R271],[@R272]\]. Recently, NLGN1 isoform-specific *cis* interaction of the extracellular domain with the GluN1 NMDAR subunit is reported \[[@R272]\], which regulates the postsynaptic expression of NMDARs. The regulatory effects of NLGN1 on NMDA and AMPAR expression at excitatory synapses may explain in part the altered expression of NMDA and AMPAR subunits in mouse models FXS discussed earlier. NLGN1 deficiency is reported in *Fmr1*KO mice and overexpressing hemagglutinin (HA)-neuroligin1 in *Fmr1 KO*mice improves social behavior but does not have a positive effect on learning and memory \[[@R273],[@R274]\]. However, a more significant mechanism for the decrease AMPARs in the *Fmr1*KO mouse is likely the enhanced mGluR-LTD and the associated increased rates of AMPAR internalization due to increased basal levels of "LTD proteins" \[[@R232]\]. It is also possible that the mechanisms of AMPAR expression vary during development with NLGN-dependent mechanisms having greater significance during early development.

**NLGN1 KO mice** display deficits in spatial learning and memory that correlate with *impaired hippocampal LTP* \[[@R275]\]. NLGN1 KO mice also exhibit a dramatic increase in repetitive, stereotyped grooming behavior, a potential autism-relevant abnormality. This repetitive grooming abnormality is associated with a *reduced NMDA/AMPA ratio at corticostriatal synapses*. The increased repetitive grooming phenotype can be rescued in adult mice by administration of the *NMDAR partial coagonist d-cycloserine* \[[@R275]\]. Interestingly, the NLGN1 KO mice do not exhibit changes in the expression of NMDAR subunits in brain as measured by Western blot. However, there is about 30% compensatory increase in the expression of NLGN3 and about 20% decrease in the expression of NRXN-a and b. Furthermore, there may be local changes not detected by Western blot with total brain proteins but with a more sensitive technique such as indirect immunofluorescent staining. In turn, NMDAR activity may regulate the structure and function of NLGN1 and synaptic transmission \[[@R276]\]. NMDAR activation is shown to trigger NLGN1 cleavage at single spines which requires Ca2+ /calmodulin-dependent protein kinase, and is mediated by proteolytic activity of matrix metalloprotease 9 (MMP9). Cleavage of NLGN1 causes rapid destabilization of its presynaptic partner neurexin-1β and depresses synaptic transmission by abruptly reducing presynaptic release probability.

Different mutations in NLGNs are found in human autism that may have brain region-specific effects on iGluR receptors and synaptic transmission. These mutations have been reproduced in mice to understand their effects. For example, the *R451C substitution* in **NLGN3 in knock-in mice** results in behaviors consistent with shift of synaptic transmission to inhibition -- impaired social behaviors, enhanced learning in the water maze test and *increased synaptic inhibition* in *somatosensory cortex* \[[@R257]\]. However, in the *hippocampus* this mutation causes about 1.5 fold *increase in AMPA-mediated excitatory synaptic transmission*, induces upregulation of GluN2B and increase in LTP. The **NLGN3 KO mice** do not exhibit any of these changes. Another original approach is to introduce the *R704C mutation* that targets a conserved arginine residue in the cytoplasmic tail of all NLGNs, and is associated with autism in human genetic studies (the genetic defect affects NLGN4 in humans with ASD), into mouse NLGN3, and examine its effect on synapses *in vitro* and *in vivo*\[[@R256]\]*.*Electro-physiological and morphological studies reveal that the **NLGN3 R704C mutation** does not significantly alter synapse formation, but causes a marked selective *decrease in AMPAR-mediated synaptic transmission* in pyramidal neurons of the hippocampus, without similarly changing NMDA or GABA receptor-mediated synaptic transmission, and without altering presynaptic neurotransmitter release. These results suggest that the cytoplasmic tail of NLGN3 has a central role in synaptic transmission by modulating the recruitment of AMPARs to postsynaptic sites at excitatory synapses. Another line of **NLGN3 KO mice** show lack of mGluR-LTD in parallel fiber synapses in cerebellum, which is a result of occlusion of gp I mGluR-LTD due to constitutive activation and increased basal GluA2 S880 phosphorylation and increased expression of mGlu1α \[[@R265]\]. These deficits can be rescued by overexpression of NLGN3 suggesting that they are reversible and possible to modify with pharmacologic treatments.

**ProSAP/Shanks** are a family of multi-domain scaffolding proteins enriched in the PSD of excitatory synapses that play important role in the formation, maturation, and maintenance of synapses through linking postsynaptic mGluRs, NMDARs, AMPARs, NLGNs and the actin cytoskeleton \[[@R277],[@R278]\]. Genetic studies have identified mutations in human SHANK1, 2 and 3 genes in ASD \[[@R254]\]. Studies in KO mouse models shed light on the roles of Shanks in ASD and how they affect glutamatergic neurotransmission and iGluRs. Genetic **deletion of Shank2** in mice results in an early, brain-region-specific *upregulation of iGluRs* at the synapse and increased levels of Shank3 \[[@R279]\]. Shank2 homozygous KO mice exhibit fewer dendritic spines and show reduced basal synaptic transmission, reduced frequency of mEPSCs and *enhanced* NMDAR-mediated excitatory currents at the physiological level. The mutants are hyperactive and display profound autistic-like behaviors including repetitive grooming and abnormalities in vocal and social behaviors \[[@R279]\].

In another study, **Shank2 homozygous KO mice** carrying a mutation identical to the ASD-associated microdeletion in the human SHANK2 gene exhibit ASD-like behaviors such as reduced social interaction, reduced social communication by ultrasonic vocalizations, and repetitive jumping \[[@R280]\]. These mice show a marked *decrease* in NMDAR function. Direct stimulation of NMDARs with *D-cycloserine*, a partial agonist of NMDARs, normalizes NMDAR function and improves the social interactions in Shank2 KO mice. Treatment of Shank2 KO mice with a *positive allosteric modulator of mGlu5*, which enhances NMDAR function *via*mGlu5 activation, also normalizes NMDAR function and enhances social interaction. These results suggest that reduced NMDAR function contributes to the development of ASD-like phenotypes in Shank2 KO mice, and that both NMDAR and mGlu5 modulation of NMDARs are potential therapeutic strategies in ASD \[[@R280]\].

Loss of a functional copy of the SHANK3 gene leads to the neurobehavioral manifestations of 22q13 deletion syndrome and ASD \[[@R281],[@R282]\]. Study of **Shank3 haploinsufficient mice** supports a role for this protein in glutamate receptor function and spine morphology \[[@R283]\]. In Shank 3 heterozygous mice there is reduced basal hippocampal synaptic transmission due to *reduced* AMPAR transmission, reduced GluA1 immuno-reactive puncta in CA1 stratum radiatum, reduced LTP, and no significant change in LTD. Male Shank3 heterozygotes displayed less social sniffing and fewer ultrasonic vocalizations during interactions with estrus female mice, as compared to wild-type littermate controls. This study suggests that modulation of glutamatergic neurotransmission to increase GluA1 AMPARs is a therapeutic option in this form of ASD.

Similar effects of Shank 3 deletion on GluA1 receptors and synaptic plasticity *in vivo* is obtained by another group \[[@R284]\]. The major isoforms of the gene are disrupted in mice by deleting exons 4-9. Shank3 (e4-9) homozygous KO mice display abnormal social behaviors, communication patterns, repetitive behaviors and learning and memory. Male KO mice display more severe impairments than females in motor coordination. Shank 3 KO mice have *reduced levels of GluA1* and show attenuated activity-dependent redistribution of GluA1-receptors, morphological alterations in dendritic spines, normal CA1 hippocampal synaptic transmission, and deficient LTP \[[@R284]\]. In addition, the ability of Shank3 to interact with the cytoplasmic tail of NLGNs coordinates pre- and postsynaptic signaling through the NRXN-NLGN complex in hippocampal neurons \[[@R278]\]. Synaptic levels of Shank3 regulate AMPA and NMDAR-mediated synaptic transmission through NRXN-NLGN signaling, and ASD-associated mutations in Shank3 disrupt not only postsynaptic AMPA and NMDAR signaling but also interfere with the ability of Shank3 to signal across the synapse to alter presynaptic structure and function \[[@R278]\]. This is a mechanism through which Shank 3 mutations can disrupt neuronal connectivity during development. Due to similarities of the Shank 3 KO mice with human ASD, they may be useful for development of new drugs to evaluate the effects on AMPA, NMDARs and LTP.

**GRIP1** is a multi-PDZ domain protein that interacts through PDZ domains 4-6 with the C-terminus of GluA2/3 AMPARs and regulates their synaptic clustering and trafficking \[[@R65],[@R285]\]. In addition, GRIP1 interacts with other postsynaptic molecules such as MAP1B to regulate AMPAR trafficking \[[@R103]\], and regulates the trafficking of GABA receptors \[[@R286]\]. GRIP1 is mapped to chromosomal 12q14.3 region, which is associated with autism \[[@R287]\]. Screening of autistic families identifies several GRIP1 single-nucleotide polymorphism variants, which have been further studied *in vitro* in cultured hippocampal neurons using pH-sensitive pHluorin-GluA2 fusion protein (pH-GluA2) \[[@R131]\]. Some of the GRIP1 mutations associated with autism correlate with more severe social impairment, result in gain-of-function and increased interaction of GRIP1 with GluA2/3 receptors, higher rates of recycling of GluA2/3 and *higher surface levels of GluA2* \[[@R131]\]. These findings are correlated with behavioral studies of *Grip1/2* double KO mice which exhibit increased sociability, impaired PPI, and object recognition, suggesting a role for GRIP proteins in the modulation of social behavior and possibly cognitive or memory function. GRIP1 may also regulate the excitation/inhibition balance in brain due to its ability to regulate the trafficking of both GluA2/3 and GABA receptors and is therefore an attractive molecule to investigate further in subjects with autism.

CONCLUSIONS. DIRECTIONS FOR FUTURE NEUROPHARMACOLOGICAL RESEARCH
================================================================

It is evident that ASD and FXS are disorders affecting the synapse and synaptic plasticity. Human and animal model studies indicate that iGluR expression, trafficking and functions are altered, resulting in altered synapse development and plasticity in a brain region- and disorder-specific manner. The studies point to complex molecular and cellular neuro-biological changes involving iGluRs and their associated proteins in ASD and FXS, and indicate that several pharma-cological drugs may be used therapeutically. It is notable that brain changes in iGluRs may be reversed using drugs acting at other receptors such as mGlu5, D1, M1 muscarinic acetylcholine, and GABA~B~ receptors. Further clinical, animal and molecular/cellular studies are necessary to understand in greater detail the changes of iGluRs in various ASD subtypes. For example, NLGN3 genetic changes in various mouse models can cause increase or decrease in AMPAR-mediated transmission in hippocampus, or enhanced GluA2 S800 phosphorylation. Similarly, deletion of Shank 2 in mice is associated with decreased or enhanced function of NMDARs. Animal model studies suggest that there are reduced levels of AMPARs in several brain regions in FXS and Shank 3 deletion syndrome, while in GRIP1/2 KO mice there are increased levels of AMPARs. It is necessary to understand well the iGluR-dependent alterations and glutamatergic hypo- vs. hyper-function in ASD brain in order to select appropriate pharmacologic treatments. Importantly, the iGluRs and associated proteins and neuronal signaling pathways which are altered may provide *translational biomarkers* for ASD and FXS. In future, it is necessary to characterize better the *timing* of the changes affecting iGluRs during development which will be useful for selection of optimal therapeutic window. Overall, it can be concluded that animal models and *in vitro* cellular models are very useful for understanding neurobiological pathways affecting iGluRs in ASD and FXS with the caveat that they cannot reproduce all characteristics of the human disorders. This may be due to species-specific differences in neuroreceptor and neuro-transmitter systems in brain and complex behaviors. It is important to note that the majority of the existing animal models of ASD are models of monogenic forms of ASD such as FXS, TSC, Rett and Angelman syndromes, and single-gene knockout or knock-in animal models. In humans, ASD may be the result of defects in many genes, which interact with environmental factors, although the nature of the genetic changes is not well understood. Known environmental factors that may affect iGluRs in ASD include stress which exacerbates ASD and FXS and has effects on synaptic plasticity and AMPA receptor trafficking, and cytokine production due to infection. Since iGluRs are exquisitely regulated by experience, many environmental factors may modulate their functions including nutrition, environmental toxins and infections. Future studies should address the significance of other factors which regulate the expression and functions iGluRs. Lastly, ultimately the studies on ASD neurobiology involving iGluRs and development of new pharmacologic treatments have to be validated in humans.
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![Constitutive NMDA-receptor hypofunction causes selective disruption of parvalbumin-expressing (PV+), fast-spiking GABAergic interneurons (FSI). (**a**) Immunoreactivity for FSI (parvalbumin) is significantly reduced in NR1^neo-/-^ mice. (**b**) Protein expression for markers of GABA interneuron populations assessed by Western blot. Calbindin and calretinin are markers for non-FSI, whereas GAD65 and GAD67 are expressed in all GABAergic interneurons. PV expression is significantly reduced in NR1^neo-/-^ mice, whereas other proteins are unaffected. (**c**) No group differences are observed following *in situ* hybridization for PV mRNA, indicating that FSI are present, but disrupted, in NR1^neo-/-^ mice. (**d**) Expression of postsynaptic GABA~A~- and GABAB-receptor subunits is measured by quantitative PCR (qPCR). The GABAA-receptor alpha-2 subunit is significantly upregulated in NR1^neo-/-^ mice as seen in schizophrenia,55 whereas other subunits are unaffected. Graphs show mean +/- s.e.m., \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.\
Reprinted by permission from Macmillan Publishers Ltd: Translational Psychiatry, GABAB-mediated rescue of altered excitatory--inhibitory balance, gamma synchrony and behavioral deficits following constitutive NMDAR-hypofunction, M J Gandal, J Sisti, K Klook, P I Ortinski, V Leitman, Y Liang, T Thieu, R Anderson, R C Pierce, G Jonak, R E Gur, G Carlson and S J Siegel, copyright -- 2012. [http://www.nature.
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![Architecture of the trans-synaptic neurexin-neuroligin complex. Shown is: a) a synapse with presynaptic neurexins (NRXNs) and their postsynaptic binding partners neuroligins (NLGNs); receptors at the synapse. b) magnified view of the excitatory synapse with localization of NRXNs, NLGNs, PSD-95 which interacts with NLGNs through its third PDZ domain, the postsynaptic localization of AMPA receptors which are regulated by NLGNs and directly interact with them through an N-terminal interaction, and with PSD-95 (perhaps through stragazin?), and the location of SHANKs. Reprinted by permission from Macmillan Publishers Ltd: Nature, Neuroligins and neurexins link synaptic function to cognitive disease, Thomas C SÜdhof, 455, 903-911; copyright -- 2008. [http://www.nature.com/nature/
journal/v455/n7215/full/nature07456.html](http://www.nature.com/nature/
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Ionotropic Glutamate Receptor Alterations in Animal Models of ASD and FXS

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Animal Model/\                                                          Brain Region/s Studied                                     iGluR\                                                                                                                   Functional Alterations                                                                                                   Behavioral Characteristics                                                                                            Drug Treatment and Effects                                                                                        References
  Targeted Gene-protein                                                                                                              Alterations                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  ----------------------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- --------------
  *Fmr1*KO/FMRP                                                           PFC                                                        ↓synaptic insertion of GluA1,\                                                                                           ↓D1R facilitation of LTP in PFC,\                                                                                        hyperactivity,\                                                                                                       combined SKF81297 and DL-AP3 rescue deficient GluN2B phosphorylation, reduce hyperactivity and improve learning   \[186,187\]
                                                                                                                                     ↓GluN2B phosophorylation                                                                                                 ↑gpI mGluR activity                                                                                                      learning deficits                                                                                                                                                                                                                       

  *Fmr1*KO/FMRP                                                           PFC                                                        ↓GluN1,↓GluN2A,\                                                                                                                                                                                                                                  cognitive impairment in acquisition of visual- spatial discrimination task                                                                                                                                                              \[188\]
                                                                                                                                     ↓GluN2B,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                     ↓PSD-95,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                     ↓SAPAP3,↓Arc                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  *Fmr1*KO/FMRP                                                           hippocampus                                                ↔ in GluN1, ↔GluN2A, ↔GluN2B by Western blot; 3'UTR translation assay suggests ↑GluN2A at 1-2 weeks                                                                                                                                                                                                                                                                                                                                                                                       \[192\]

  *Fmr1* KO2/FMRP                                                         CA1 hippocampus                                            ↓synaptic GluA1 and ↓GluA2 at 14 days,\                                                                                  ↓AMPA/ NMDA ratio due to ↓AMPA and ↑NMDA currents at 14 days but not at 6-7 weeks,\                                                                                                                                                            MPEP does not have a blocking effect on enhanced NMDAR-LTP at 14 days                                             \[174\]
                                                                                                                                     ↑synaptic GluN1 at 14 days and not at 6-7 weeks                                                                          ↑NMDAR-LTP\                                                                                                                                                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                              ↔NMDAR-LTD                                                                                                                                                                                                                                                                                                                                                       

  *Fmr1*KO/FMRP                                                           CA1 hippocampus                                            ↓synaptic delivery of GluA1                                                                                              ↓LTP,\                                                                                                                                                                                                                                         Ras overexpression restores GluA1 delivery and LTP; PI3K inhibitor\                                               \[194\]
                                                                                                                                                                                                                                                              ↓Ras-PI3K-PKB signaling                                                                                                                                                                                                                        blocks LTP                                                                                                        

  *Fmr1*KO/FMRP                                                           CA1 hippocampus                                            DHPG induces ↓GluA1 and ↓GluA2/3                                                                                         ↑mGluR-LTD                                                                                                                                                                                                                                                                                                                                                       \[234\]

  *Fmr1*KO/FMRP                                                           CA1 hippocampus                                            ↓GluA2                                                                                                                   ↑mGluR-LTD                                                                                                               ↑audiogenic seizures, abnormal social and non-social anxiety-related behaviors                                        Genetic decrease of STEP diminishes audiogenic seizures and restores social and anxiety-related behaviors         \[237, 242\]

  *Fmr1*KO/FMRP                                                           CA1 hippocampus                                            Absent retinoic-acid (RA)-dependent translation of GluA1 in dendrites                                                    RA-mediated synaptic scaling is abolished                                                                                                                                                                                                      Postsynaptic expression of FMRP with lentivirus in *Fmr1*KO neurons restores synaptic scaling                     \[86\]

  *Fmr1*KO/FMRP                                                           Anterior piriform cortex                                   ↓ synaptic NMDA receptors                                                                                                ↓LTP                                                                                                                                                                                                                                                                                                                                                             \[173\]

  *Fmr1*KO/FMRP                                                            Amygdala                                                  ↓GluA1                                                                                                                   ↓mGluR-LTP at thalamic afferents to lateral amygdala (LA)                                                                                                                                                                                      MPEP fails to rescue LTP deficit in LA but restores deficits in presynaptic release                               \[182\]

  MeCP2 KO (Rett syndrome)                                                Nucleus tractus solitarius (nTS), mPFC, cingulate cortex                                                                                                                            ↑hyperexcitability in nTS,\                                                                                              altered Fos expression -- ↑ in nTS, ↓ in mPFC and cingulate cortex;\                                                  ketamine (NMDAR antagonist) rescues abnormal PPI of acoustic startle and normalizes Fos expression                \[198\]
                                                                                                                                                                                                                                                              enhanced spontaneous, evoked excitatory mEPSCs in nTS;\                                                                  abnormal PPI of acoustic startle\                                                                                                                                                                                                       
                                                                                                                                                                                                                                                              hypoactivity in mPFC and cingulate cortex                                                                                                                                                                                                                                                                                                                        

  MeCP2 KO (Rett syndrome)                                                Entire brain and hippocampus                               ↓synaptic GluA2/3, ↓GluN2A receptors and other synaptic proteins (↓Vglut1, ↓Synapsin1, ↓CamKIIα and CamKIIβ), ↓GABABR2                                                                                                                            ↓activity, ↓forelimb strength with shorter fall latency,\                                                                                                                                                                               \[199\]
                                                                                                                                                                                                                                                                                                                                                                                       ↓motor coordination, symptoms worse in female mice                                                                                                                                                                                      

  *Tsc1* KO (using viral delivery of Cre recombinase in select neurons)   hippocampus CA1                                                                                                                                                                     ↑evoked AMPA and ↑evoked NMDA synaptic currents,\                                                                                                                                                                                                                                                                                                                \[200\]
                                                                                                                                                                                                                                                              abolished mGluR-LTD,\                                                                                                                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                              ↔ NMDAR-LTD                                                                                                                                                                                                                                                                                                                                                      

  Rats bred for low rates of play-induced pro-social USV                                                                                                                                                                                                                                                                                                                               ↓social contact time,\                                                                                                NMDAR glycine partial agonist GLYX-13 rescues deficits in play-induced USV and ↓ monotonous USV                   \[22\]
                                                                                                                                                                                                                                                                                                                                                                                       ↓play-induced pro-social USV,\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                       ↑monotonous USV                                                                                                                                                                                                                         

  Balb/c mice (inbred)\                                                                                                                                                                                                                                                                                                                                                                impaired measures of sociability in 4 and 8-week old mice                                                             D-cycloserine (NMDAR glycine site agonist) improves sociability in both mouse strains;\                           \[203,204\]
  Swiss-Webster mice (outbred)                                                                                                                                                                                                                                                                                                                                                                                                                                                                               MPEP impairs measures of sociability in both strains                                                              

  Constitutive GluN1 KO mice                                              cortex                                                     85‰ ↓ GluN1                                                                                                              neuronal hypexcitability and ↑E/I balance;\                                                                              ↓ social preference, impaired spatial memory                                                                          GABAB agonist baclofen improves E/I balance, gamma SNR, reverses behavioral deficits                              \[207\]
                                                                                                                                                                                                                                                              ↓gamma signal-to-noise ratio (SNR)                                                                                                                                                                                                                                                                                                                               

  Parvalbumin (PV) interneuron-selective GluN1KO mice                     cortex                                                     selective ↓GluN1 in PV interneurons                                                                                                                                                                                                               ↓N1 latency\                                                                                                                                                                                                                            \[208\]
                                                                                                                                                                                                                                                                                                                                                                                       ↓sociability\                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                       ↓premating USV power                                                                                                                                                                                                                    

  Islet Brain-2 protein lacking mice (IB2-/-)                             cerebellum                                                 no change in GluA2, GluN1, GluN2A and GluN2B, altered Purkinje cell morphology with thinner dendrites                    ↓AMPAR and ↑NMDAR-mediated transmission at cerebellar mossy fiber-granule cell synapses,↓ delayed AMPA/kainate neuro-\   ↓ social interactions, impaired exploration of novel environment, motor performance and learning deficit on rotarod                                                                                                                     \[225\]
                                                                                                                                                                                                                                                              transmission at cerebellar fiber to Purkinje cell synapses                                                                                                                                                                                                                                                                                                       

  Ube3A KO mice (Angelman syndrome)                                       hippocampus                                                ↓synaptic GluA1\                                                                                                         Altered AMPAR function - ↓mEPSC frequency;\                                                                              High frequency of seizures, ataxia, abnormal EEGs, poor performance on learning and memory tests                      Decreasing Arc using shRNA restores normal synaptic GluA1 levels                                                  \[245\]
                                                                                                                                     ↑ GluA1 endocytosis\                                                                                                     ↓AMPA/NMDA ratio                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                     ↑Arc                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  GluK2 KO mice                                                           Hippocampus\                                               ↓GluA1                                                                                                                   Delayed functional maturation of mf-CA3 synapses;\                                                                                                                                                                                                                                                                                                               \[251\]
                                                                          (mossy fiber-CA3 synapses)                                                                                                                                                          ↓amplitude of AMPA EPSC                                                                                                                                                                                                                                                                                                                                          
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The table summarizes studies of animal models of ASD and FXS that are discussed in the text involving changes in iGluRs, and presents the associated molecular/neuroanatomical, functional and behavioral alterations. The numbers in the "References" column refer to the citation numbers in the text. ↔ - no change; ↓ - decrease; ↑- increase. For ease of comparison of the results between the studies, each study is presented separately in a row, even if the same animal model is used (e.g., the Fmr1 KO mouse). It is evident that in one animal model changes may affect more than one iGluR subtype such as AMPA and NMDA receptors. If a treatment approach (pharmacological drug or genetic approach) is used in the study to correct the iGluR levels, functional and/or behavioral changes, it is indicated in the table. In the *Fmr*1 KO mouse, administration of mGlu5 receptor antagonists such as MPEP, MTEP, fenobam and CTEP in animal models has shown therapeutic promise in reversing biochemical, neuroanatomical, synaptic plasticity and behavioral aberrations associated with FXS, but these studies are not indicated here because the focus of the review is on iGluRs.
